The distinctive paper is devoted to the methodology of pedestrian comfort estimation in the nearby area of the object under construction. A verification example of the wind flow simulation around and through a porous object is considered in order to select correct permeability parameters of the computational model of green spaces. The methodology of pedestrian comfort estimation is tested on the example of a real residential complex in Moscow. The results of the numerical simulation of velocity fields are used to calculate the criteria for pedestrian comfort specified in MDS 20-1.2006. Numerical results are obtained and compared for two study caseswithout and with green spaces (bushes),to assess their impact on pedestrian comfort and the possibility of its adjustment.
INTRODUCTION
Recently, due to significant growth and compaction of urban buildings in the regions of Russia due to the erection of buildings and complexes of various architectural forms and original design solutions, one of the most important factor to consider during construction of buildings and structures is the type of wind conditions at the construction site. Wind loads and impacts in urban areas are formed taking into account velocity and temperature fields inside and above urban areas due to a wide range of atmospheric processes, which in turn are modified to take into account the topography and configuration of the land surface of the area [1] . The impact of velocity in urban areas can lead to a negative change in the microclimatic conditions of the air environment, and can also be a source of unfavorable situations [1] [2] [3] [4] [5] . The lack of a culture and residential practices in designing the wind patterns of residential areas, taking into account the existing and future development, has already led to the emergence of neighborhoods where the velocity does not decrease, as is usually the case in a city, but increases by 20% or more at the end gaps between the buildings, there is a strong narrowing of the air flow, and as a result velocity acceleration zones and/or high turbulence zones are formed, which creates uncomfortable conditions for pedestrians [6] . Wind speeds provided by meteorological stations may differ significantly from the wind conditions on the ground due to the influence of local urban development, unique in its kind for each district of the city. Modeling of aerodynamic conditions (using numerical and /or experimental methods) allows to analyze the occurrence of adverse situations in pedestrian areas, considering the specificity of the landscape and the surrounding buildings, and propose measures to eliminate them or reduce their negative impact. The aim of this paper is to perform an approbation of the methodology for assessing pedestrian comfort with correct consideration of green spaces using the example of a real construction object, and to determine the design parameters, such as required number of wind angles of attack. As an expected result of an assessment, recommendations on green spaces arrangement that provides pedestrian comfort improvement should be formulated.
NORMATIVE AND ANALYTICAL APPROACH TO ASSESS PEDESTRIAN COMFORT
According to SP 20.13330.2016 [7] , when developing architectural and planning solutions for urban neighborhoods, as well as when planning the construction of buildings inside existing urban neighborhoods, it is recommended to assess the comfort in pedestrian areas in accordance with the requirements of the standards or technical conditions. However, any criteria for pedestrian comfort in [7] are not formulated. Such criteria are described only in MDS 20-1.2006 [8] , according to which the comfort condition for pedestrian areas is as (eq. 1):
where V is the velocity in a gust at the level of 1.5 meters; T c is the duration of the appearance of velocity V, more than a certain critical value V cr ; T lim is T c limit value. The V cr and T lim values for the three established comfort levels are listed in table 1. Usually, when assessing the comfort in pedestrian zones with velocity V at a characteristic height of z c =1.5 meters, the frequency of its occurrence T c is determined by the relations (eq.
where ΔT m is the interval of measuring velocity V m at meteorological stations (usually ΔT m = 3 hours); P(V>Vcr) is the probability that the velocity exceeds the critical value V cr . In [6, 9] , the following method for pedestrian comfort estimation based on numerical modeling of the aerodynamics of buildings in the surrounding buildings is presented. After calculations performed for all wind directions, the results are processed using a special computer module. The values of the wind gusts at the characteristic monitoring points of the urban area are summed with the weight coefficients corresponding to the frequency of occurrence of the wind impact of a given direction and a given speed range. 1.5 m is taken as the estimated height.
After numerical modeling for all wind directions (usually j = 1, ..., 24), the «discomfort time of level l» K crl (l = 1,2,3) for a representative set of points of pedestrian zones is determined by the relations (eq. 3):
,
where 2 is the turbulence kinetic energy. The wind rose is received according to the weather data. To assess the distribution of wind speeds inside the rumba, in practice, as a rule, the Weibull distribution is used [9] [10] [11] [12] . Estimation of the standard deviation of the pulsation velocity component is based on the steady state simulation results using calculated values of turbulence kinetic energy TKE and considering the θ = 2 (eq. 4):
Wind chill effect.
In the winter season, due to the cold wind currents and wind gusts, the human body may experience wind chilling, as a result of which the temperature feels completely different than it actually is. Scientists and medical experts of the Joint Action Group on Temperature Indices [13] implemented an index of wind chill. The resulting model can be approximately, with an accuracy of one degree, formulated as equation 5: (5) where T wc is the wind chill index, T a is the air temperature in Celsius, V is the velocity in km/h.
Features of green spaces modeling.
Modeling of the decorative green spaces, both in wind tunnels and numerically, is a very difficult task. This is due, primarily, to the complexity of their form. When conducting experiments in wind tunnels, trees are modeled simply, or toy models are used [14] .
In numerical modeling, it is possible to create a realistic tree model up to the modeling of leaf geometry, but this approach is incredibly resource-demanding and time consuming. It is also possible to set a tree area in a simplified way -as a porous body, and when solving the NavierStokes equations, an additional term is added to the equations of motion that characterizes the loss of momentum when air passes through the porous region (eq. 6): (6) where μ is the coefficient of dynamic viscosity; loss of momentum through the isotropic porous region can be formulated based on permeability and loss coefficients (eq. 7), (7) K loss is the loss factor associated with inertial losses (m -1 ). The model of porosity allows taking into account the Darcy Model [15, 16] , which is the continuity equation for flows in porous regions and is characterized by such a parameter as the volume porosity γ. The volume porosity is the ratio of the volume V' of space in the final volume through which air can flow, to the entire final volume V (eq. 8):
The Darcy model is summarized as follows (eq. 9): (9) where μ is the dynamic viscosity, K perm is the permeability. When modeling a tree in a simple, porous domain, the difficulty lies in the selection of an adequate loss factor and volume porosity, which will reflect the permeability of the real green planting.
VERIFICATION OF THE METHODOLOGY OF NUMERICAL MODELING OF GREEN SPACES AERODYNAMICS

Problem statement.
For the numerical simulation of the aerodynamics of green spaces, a group of scientists from the Institute of Architecture of Japan (AIJ) [17] proposed a benchmark. A tree with a height of 7 meters in the air flow is considered. At the inlet of the air domain the velocity profile obeys the vertical power law (eq. 10). Sensors (monitoring points) are installed behind the tree, measuring the instantaneous velocity at each height in increments of 1.5 meters. The tree model and flow direction are shown in Figure 1 , the layout of the monitoring points is shown in Figure 2 . The tree was modeled as an isotropic porous region. Loss of momentum that occurs when passing through a porous body, are formulated based on permeability and loss coefficients (eq. 7). The loss coefficient К loss was taken equal to 1.75, based on the data obtained [14] , which proved to be the most accurate result in comparison with the experimental data. A comparison of numerical and experimental results (velocities at monitoring points for different values of volume porosity γ (0.3-0.9 with a step of 0.1; 0.99 and 1))was made. Recommendations on the design parameters for modeling the permeability of shrubs crowns (as one of the ways to improve pedestrian comfort) was formulated. All aerodynamic simulations were performed using ANSYS CFX 17.0 software package [15, 16] . -the Reynolds number. The High Resolution advection scheme and the implicit First Order Backward Euler scheme were used. Maximum residuals of 10 -4 were set as an criterion for convergence and termination ofsteady state solution.The maximum number of iterations was 300.
Initial and boundary conditions.
The mean flow velocity profile at the inlet obeys the power lawdepending on the tree height and turbulence kinetic energy (eq. 10): (10) where u b is velocity at the characteristic height H b , k(z) is the turbulence kinetic energy.
At the outlet and at the upper boundary of the domain, opening boundary conditions with a relative pressure equal to zero and the same turbulence parameters as at the inlet are assigned. On the «ground», «No Slip Wall» (U=V=W=0 m/s) boundarycondition is specified, which excludes penetration of the fluidthrough the surface. On the surface of the tree crown interface «Flu-id-Porous Domain») is set to ensure the penetration of air through the porous body (domain). As initial conditions, zero velocities (U=V=W=0 m/s) and zero relative pressures areset in the entire domain. Figure 3 and Table 2 demonstrate the main results of the performed computational studies and the comparison of the numerical results with the experiment data. In the Table 2 the relative errors for real velocity at the monitoring points in comparison with the experiment are presented. The numerical simulation of hedge aerodynamics showed that the closest to experimental data result was obtained for the values of volume porosity from 0.9 to 1.The maximum discrepancy from the experiment is 29%, and the minimum one is 0.15%. 
Simulation results.
APPROBATION OF THE NUMERICAL METHODOLOGY OF ESTIMATION AND IMPROVEMENT OF PEDESTRIAN COMFORT
Problem statement.
The application of the developed numerical methodology of pedestrian comfort estimationwas performed on a realresidential building surrounded by existing urban area ( Figure 4) . As it will be shown below, for the considered group of buildings, it was necessary to improve pedestrian comfort using the above-described methodologyby incorporation of thegreen spaces to particular locationswhere pedestrian comfort criteria were not satisfied. For the correct shrubs arrangement near the considered buildings, the results of criterion assessments of pedestrian comfortobtained for the model without green spaces were used.Decisions on the location of green space were made based on an analysis of the most unfavorable wind attack angles, a planning scheme for the land plot near the designed building, as well as currently existing planted shrubs ( Figure  5 ). 
Geometric model of the building surrounded with nearby buildings with bushes consideration.
The radius of the nearby building area was taken equal to 600 m.The actual location of the buildings relative to the target object, their height and cross section in the plan, as well as the local terrain relief (elevation differences near the target object) were consideredfor the geometric model including surrounding buildings. Geometric model of the main building surrounded with nearby buildingswas created in ANSYS Mechanical 17.0 [18] . The firstfloorlevel was taken as a zero level. The created model of the building, taking into account the development for a certain perspective, is shown in Figure 6 -7. 
Boundary and initial conditions.
The simulated area (Figure 8 ) is assigned the Air domain with the following physical parameters: incompressible air at a temperature (25°C) and pressure 1 atm. The boundary conditions at the inlet correspond to the 1st wind region, and the type of terrain B «suburb» in accordance with building codes [7, 19] . The mean pressure and pulsation profiles were converted to theinput data for the ANSYS CFX using the developed macro CFX_PROFIL_SNIP as a vertical profiles (along the height)of mean velocity, turbulence kinetic energy and dissipation energy, corresponding to the loads, taking into account the load reliability factor of 1.4. The integral turbulence length scale is assumed to be 300 m in accordance with the recommendations of Eurocode [20] . At the outlet and at the upper boundary of the domain, opening boundary conditions with a relative pressure equal to zero and the same turbulence parameters as at the inlet are assigned.
On the «ground» and on all buildings, «No Slip Wall» (U=V=W=0 m/s) boundary condition is specified, which excludes penetration of the fluid through the surface. On the surface of the tree crown interface «Flu-id-Porous Domain» is set to ensure the penetration of air through the porous body (domain). As initial conditions, zero velocities (U=V=W=0 m/s) and zero relative pressures are set in the entire domain. 
Simulation Parameters.
All aerodynamic calculations were carried out in a three-dimensional steady-stateformulation using the RANS SST turbulence model.
The internal parameters for the shrubs are following: the surface porosity is isotropic; the volume porosity is 1. An isotropic model with a loss coefficient of 1.75 m -1 was set as the loss model. Maximum residuals of 10 -4 were set as a criterion for convergence and termination ofsteady state solution. The maximum number of iterations was 500.
Results of steady state aerodynamic simulations.
Pedestrian comfort levels (repeatability of meanvelocity, hr/year) according to the 3rd regulatory criteria (K cr1 , K cr2 , K cr3 ) were calculated using the data from weather stations named after Michelson [6, 14] .
It was necessary to get a set of results for different wind angles of attack was in order to calculate the pedestrian comfort level criteria. The comparisonof the simulation results for 24, 12 and 6 wind directionsevenly distributed in a circle was conductedin order to determine the minimum required number of windangles of attack. The convergence study resultsfor thepedestrian comfort level criteria depending on the number of wind directions considered, and the determination of the optimal number of simulationcases excluding bushes are presented below ( Table 3) . As it can be seen from the results, the difference is insignificant with the number of 12 and 24 wind angles of attack. This allows usto consider only 12 wind attack angles to perform accurate estimation of the pedestrian comfort level. The results of numerical modeling of the buildings aerodynamics taking into account wind chill allow us to conclude that the human body feels the temperature 1.5 times lower than the actual temperature that equal to -20 C. Calculations have shown that the temperature reaches the mark -30 ° С. This gives a tangible contribution to a comfortable stay of people in these areas. The correct location of green spaces in pedestrian areas has contributed to the narrowing of areas where the minimum (minus) temperatures occur.
CONCLUSION
The presented results showed a wide applicability of the pedestrian comfort assessment methodology and the possibility of its adjustment by planting green spaces. The solved model problem allowed to findthe right parameters of the tree model. Comparison of the results for different numbers of windangles of attack showed that 12 angles are sufficient for obtaining the required accuracy.Further development of this methodology may include a more detailed analysis of wind flows (especially maximum velocity amplification) for each individual angle of attack, namely using the results of nonsteadysimulationsobtained using more accurate (and also resource-demanding) turbulence models such as DES and LES.The results showed the practical importance of conducting suchkind of research, and therefore there is a need to include amethodology for pedestrian comfort assessment in Russian building codes.
